Introduction {#s0001}
============

Mammalian oocytes experience two successive asymmetric divisions that segregate homologous chromosomes and sister chromatids prior to fertilization.[@cit0001] Oocytes finally generate a large haploid egg and two smaller polar bodies. Meiosis is an extreme event for retaining maternal components within the oocyte for early embryo development.[@cit0002] Oocytes are arrested in the prophase of the first meiotic division within ovarian follicles. Meiosis resumes after hormonal stimulation, as indicated by nuclear envelope breakdown. Next, the first meiotic spindle gradually assembles around the centrally positioned metaphase chromosomes and then migrates to the cortex of the oocyte.[@cit0003] When the spindle moves to the cortex, an actin cap, a cortical granule-free domain (CGFD), and microvillus-free regions are successfully formed over the spindle. Finally, cytokinesis occurs and the oocyte extrudes the first polar body, resulting in a highly polarized oocyte.[@cit0004]

Mouse oocyte asymmetric division is a highly coordinated process that results from oocyte polarization including spindle positioning and cortical reorganization.[@cit0005] The formation of oocyte polarization is independent of any external ligand and the molecular signal is inherent in the oocytes.[@cit0006] As the meiotic spindle in large mammalian oocytes lacks true centrosomes and astral microtubules, microtubule organization centers act as centrosomes. The off-center positioning of the spindle may not depend on microtubules as in mitosis but requires the involvement of dynamic filamentous actin instead,[@cit0007] which is nucleated by the Arp2/3 complex,[@cit0008] formin-2,[@cit0011] and spire.[@cit0012] Several nucleation-promoting factors (NPFs), including WAVE2,[@cit0013] JMY,[@cit0014] WHAMM,[@cit0015] N-WASP,[@cit0016] and WASH,[@cit0017] share a conserved C-terminal WCA domain, which activate the Arp2/3 complex[@cit0018] and help to regulate the branched actin filaments for mammalian oocyte asymmetric division.[@cit0019] Although many molecular mechanisms were reported to regulate cortical polarity during mouse oocyte maturation, the detailed mechanisms that regulate oocyte polarization are yet to be investigated.

SKAP2 is a substrate of Src family kinases (SFKs)[@cit0020] and highly homologous to SKAP55 (SKAP1).[@cit0021] SFKs regulate different cellular processes including proliferation, adhesion, migration, and stress responses.[@cit0022] SKAP2 protein is expressed ubiquitously[@cit0023] and the amino acid sequence of mouse SKAP2 is 90% identical to that of human SKAP2, indicating the functional preservation of this protein. The structure of SKAP2 contains a pleckstrin homology (PH) domain, which can interact with lipids at membranes,[@cit0024] and a carboxyl-terminal Src homology (SH) 3 domain.[@cit0025] Moreover, in hematopoietic cells and immune cells, SKAP2 has been suggested to be essential for cell adhesion by associating with integrin and actin filamentous.[@cit0026] Recent studies have demonstrated that SKAP2 plays a role in actin assembly by interacting with WAVE2 and cortactin.[@cit0020] Meanwhile, WAVE2 and its activation of Arp2/3 complex are involved in actin polymerization and polar body emission during mouse oocyte maturation.[@cit0013] Although SKAP2 has been reported to be involved in a variety of essential biological processes, much less is known about its role in mouse oocyte meiosis and there is no direct evidence linking SKAP2 to oocyte polarization.

In this study, we explored the expression, localization, and role of SKAP2 during meiosis. Our results illustrated that SKAP2 regulated Arp2/3 complex and was required for asymmetric cytokinesis and polar body extrusion by interacting with WAVE2 during mouse oocyte maturation.

Results {#s0002}
=======

Expression and subcellular localization of SKAP2 during mouse oocyte meiotic maturation {#s0002-0001}
---------------------------------------------------------------------------------------

To identify SKAP2 expression specifically in mouse oocytes, we here examined SKAP2 protein levels by western blotting. Oocytes were cultured for 0, 2, 6.5, 8.5, 10, and 12 h, representing stages at which most oocytes had reached the germinal vesicle (GV), germinal vesicle breakdown (GVBD), pro-metaphase I (Pro-MI), metaphase I (MI), anaphase-telophase I (ATI), and metaphase II (MII) stages. As shown in [Fig. 1A](#f0001){ref-type="fig"}, SKAP2 expression increased from the GV stage to the MI stage, while it slightly decreased at the MII stage. Next, immunofluorescent staining was performed on mouse oocytes to investigate the subcellular localization of SKAP2 at various stages of meiotic maturation. As shown in [Fig. 1B](#f0001){ref-type="fig"}, SKAP2 was distributed mainly at the cortex of the oocyte and co-localized with actin. Besides, during the late MI, ATI, and MII stages, SKAP2 was gradually accumulated in the cortical actin cap domain. Figure 1.Expression and subcellular localization of SKAP2 during mouse oocyte meiotic maturation. (A) Representative images of SKAP2 protein level during mouse oocyte maturation. The expression of SKAP2 protein increased from GV stage to MI stage, but decreased at MII stage. A total of 200 oocytes were used in each sample. (B) Localization of SKAP2 during mouse oocyte meiosis. SKAP2 was distributed at the cortex of oocytes from GV stage to MII stage and the region near the cortex. (C) Localization of SKAP2 after CB treatment. Oocytes were cultured in M2 medium with 10 μg/ml CB for 8 h and then collected for immunostaining. SKAP2 was stably co-localized with F-actin. Green: SKAP2; red: actin; blue: chromatin. Bar = 20 μm.

Localization of SKAP2 and actin after cytochalasin B treatment {#s0002-0002}
--------------------------------------------------------------

To further investigate the correlation between SKAP2 and actin, cytochalasin B (CB), as an actin-disrupting agent, was used to treat oocytes that were at the MI stage.[@cit0028] As shown in [Fig. 1C](#f0001){ref-type="fig"}, the actin was disassembled after treatment. Meanwhile, SKAP2 exhibited a diffuse cytoplasmic distribution and no special signals were detected in MI stage oocytes.

SKAP2 RNAi caused failure of polar body extrusion in mouse oocytes {#s0002-0003}
------------------------------------------------------------------

To further investigate the function of SKAP2 during mouse oocyte maturation, SKAP2 expression was down-regulated using siRNA injection, which successfully depleted its mRNA levels (1.02 ± 0.16 vs 0.51 ± 0.03, *P* \< 0.05) ([Fig. 2A](#f0002){ref-type="fig"}). Then, we examined the expression of SKAP2 protein by western blotting. As shown in [Fig. 2B](#f0002){ref-type="fig"}, the protein level of SKAP2 was successfully reduced after SKAP2 siRNA injection. The relative level of SKAP2 protein in the SKAP2 siRNA-injected group was significantly decreased compared with that in the control (1.00 ± 0.08 vs 0.38 ± 0.04, n = 200, *P* \< 0.05) ([Fig. 2C](#f0002){ref-type="fig"}). Figure 2.Effects of SKAP2 RNAi on mouse oocyte meiotic maturation. (A) SKAP2 mRNA levels after siRNA injection were significantly decreased. (B) Representative images of SKAP2 protein level in the SKAP2 siRNA-injected group and the control. SKAP2 protein expression was significantly reduced after siRNA injection. (C) Relative level of SKAP2 protein in the SKAP2 siRNA-injected group was lower than in the control. (D) Representative images of polar body in the SKAP2 siRNA-injected and control oocytes. (E) Rate of first polar body extrusion in the SKAP2 siRNA-injected group was lower than in the control. (F) Rate of symmetrical division in SKAP2 siRNA-injected oocytes was higher than in the control. Data are presented as mean ± SEM of three independent experiments, \*: significant difference (*P* \< 0.05).

After SKAP2 siRNA injection, oocytes were transformed to fresh M2 medium and cultured for 12 h. The normal oocytes extruded polar body and reached to MII stage. The rate of first polar body extrusion in the SKAP2 siRNA-injected group was decreased greatly compared with that in the control oocytes (77.05 ± 4.26%, n = 100 vs 40.92 ± 3.57%, n = 100, *P* \< 0.05) ([Fig. 2E](#f0002){ref-type="fig"}). Nevertheless, we found that a large proportion of oocytes injected with SKAP2 siRNA failed to achieve asymmetric division and regularly extruded an abnormally large polar body ([Fig. 2D](#f0002){ref-type="fig"}). As shown in [Fig. 2F](#f0002){ref-type="fig"}, compared with the control group, the rate of symmetric division was significantly increased in the SKAP2 siRNA-injected group (1.23 ± 0.18%, n = 280 vs 39.34 ± 2.34%, n = 169, *P* \< 0.05).

SKAP2 RNAi decreased actin filaments distribution in mouse oocytes {#s0002-0004}
------------------------------------------------------------------

To investigate the cause of cytokinesis defects, immunofluorescent staining was performed on MI oocytes to examine the actin filaments. As shown in [Fig. 3A](#f0003){ref-type="fig"}, the chromosomes of oocytes had moved to the cortex and the actin cap had formed in the control group at the later MI stage. However, after SKAP2 siRNA injection, the spindle stayed near the center of oocytes and actin cap formation was disrupted. At MII stages, the chromosomes localized under the region of the cortex with an actin cap in the control oocytes. However, no typical actin cap was observed and oocytes exhibited abnormal MII morphology in the SKAP2 siRNA-injected group. Figure 3.Effects of SKAP2 RNAi on actin expression. (A) Representative images of actin cap in the SKAP2 siRNA-injected and control groups. At MI and MII stages, actin cap formed in the control group, while no actin cap was detected in SKAP2 siRNA-injected group. Red: actin; green: spindle; blue: chromatin. Bar = 20 μm. (B) Actin filament distribution in oocyte membrane and cytoplasm after SKAP2 siRNA injection. The actin distribution was disrupted at both membrane and cytoplasm in the SKAP2 siRNA-injected group. Red: actin; blue: chromatin. Bar = 20 μm. (C) Average actin fluorescence intensities in oocyte membrane and cytoplasm were analyzed. Actin expression was reduced after SKAP2 siRNA injection. \*: significant difference (*P* \< 0.05).

We then investigated the average actin fluorescence intensity after the injection of SKAP2 siRNA. As shown in [Fig. 3B](#f0003){ref-type="fig"}, the distribution of actin filament in the SKAP2 siRNA-injected group was slightly smaller than that in the control group in both oocyte membrane and cytoplasm. In addition, the levels of actin fluorescence intensity in the control and siRNA-injected oocytes were analyzed. After depleting the SKAP2 activity, the average actin fluorescence intensity of membrane was significantly decreased compared with that in the control group (1 ± 0.08 vs 0.55 ± 0.07, *P* \< 0.05) ([Fig. 3C](#f0003){ref-type="fig"}). The average actin fluorescence intensity of cytoplasm in the SKAP2 siRNA-injected group was also markedly reduced (1 ± 0.02 vs 0.59 ± 0.03, *P* \< 0.05). Taken together, these results indicated that SKAP2 was involved in polar body extrusion through its effects on actin assembly.

SKAP2 RNAi caused failure of spindle migration {#s0002-0005}
----------------------------------------------

To further explore the function of SKAP2 during mouse oocyte meiosis, we investigated spindle migration, which played a vital role in polar body extrusion. As shown in [Fig. 4A](#f0004){ref-type="fig"}, after 9.5 h in culture, the spindle of oocytes in the control group had formed and moved to the cortex. In contrast, mouse oocytes in the SKAP2 siRNA-injected group exhibited a centrally localized spindle (22.03 ± 1.91%, n = 206 vs 46.90 ± 1.70%, n = 167; *P* \< 0.05) ([Fig. 4B](#f0004){ref-type="fig"}). Figure 4.Effects of SKAP2 RNAi on spindle migration in mouse oocytes. (A) Spindle localization in mouse oocytes. In the control group, the spindles in most oocytes migrated to the cortex, whereas in the SKAP2 siRNA-injected group, they remained at the center of the cytoplasm. Green: α-tubulin; blue: chromatin. Bar = 20 μm. (B) Percentage of oocytes with spindles at the center in the SKAP2 siRNA-injected group was higher than in the control. \*Significantly different (*P* \< 0.05). (C) Cortical granule-free domain formation after SKAP2 siRNA injection in mouse oocytes. In the control group, cortical granules were absent at the cortex near the chromosomes at the MI stage. Cortical granules were distributed consistently across the entire cortex in the SKAP2 siRNA-injected group. Green: cortical granules; blue: chromatin. Bar = 20 μm.

CGFD formation is generally known to be a remarkable feature of mouse oocyte polarization, which results from spindle migration. As shown in [Fig. 4C](#f0004){ref-type="fig"}, CGFD had formed over the spindle in the control group at the MI stage. In contrast, no CGFD was observed in the oocytes injected with SKAP2 siRNA. This suggested that SKAP2 depletion disrupted oocyte polarization and also spindle migration.

SKAP2 RNAi caused cytokinesis defects in mouse oocyte meiosis {#s0002-0006}
-------------------------------------------------------------

To investigate the role of SKAP2 in oocyte cycle procession, the oocytes were cultured for 12 h after siRNA microinjection. Then, immunostaining was performed on oocytes to assess oocyte stages. As shown in [Fig. 5A](#f0005){ref-type="fig"}, most oocytes successfully extruded a normal polar body and were arrested at the MII stage in the control group, while in the SKAP2 siRNA-injected group, a large proportion of oocytes were arrested at telophase I stage and failed to extrude the polar body. The rate of oocytes arrested at the telophase I stage in the SKAP2 siRNA-injected group was significantly increased compared with that in the control (14.16 ± 1.52%, n = 264 vs 24.98 ± 1.40%, n = 177; *P* \< 0.05). The oocytes arrested at the MII stage were significantly decreased after SKAP2 siRNA injection (69.95 ± 4.56%, n = 264 vs 37.76 ± 3.40%, n = 177; *P* \< 0.05) ([Fig. 5B](#f0005){ref-type="fig"}). These results indicated that the completion of cytokinesis and normal polar body extrusion were affected by SKAP2 depletion. Figure 5.Effect of SKAP2 RNAi on mouse oocyte cytokinesis. (A) Oocytes in the SKAP2 siRNA-injected group were arrested at the TI stage after culture for 12 h, whereas oocytes in the control group had extruded the first polar body. Green: α-tubulin; blue: chromatin. Bar = 20 μm. (B) Percentages of oocytes at TI and MII stages in the SKAP2 siRNA-injected and control groups. In the SKAP2 siRNA-injected group, a large proportion of oocytes were arrested at the TI stage and fewer oocytes had progressed to the MII stage. \*: significant difference (*P* \< 0.05).

SKAP2 RNAi decreased ARP2 and WAVE2 expression {#s0002-0007}
----------------------------------------------

To explore the possible mechanism of SKAP2 in mouse oocyte asymmetric cytokinesis, we examined ARP2 expression by immunofluorescent staining after SKAP2 siRNA injection. ARP2, a major subunit of the Arp2/3 complex, functions as an ATP-binding component of the Arp2/3 complex, which is involved in mediating the formation of branched actin network and regulating actin polymerization. As shown in [Fig. 6A](#f0006){ref-type="fig"}, after culture for 9 h, the subcellular localization of ARP2 in the control group was specifically distributed in the oocyte cortex, while ARP2 was found to disperse to the cytoplasm and have no specific localization in the SKAP2 siRNA-injected oocytes. The fluorescence intensity of ARP2 in the SKAP2 siRNA-injected group was significantly lower than in the control group (0.99 ± 0.08 vs 0.38 ± 0.03, *P* \< 0.05; [Fig. 6C](#f0006){ref-type="fig"}). Meanwhile, western blotting and quantitative analysis showed that the ARP2 expression in the SKAP2-injected group was also decreased (1 ± 0.08 vs 0.47 ± 0.03, *P* \< 0.05; [Fig. 6E](#f0006){ref-type="fig"}). This indicated that SKAP2 was essential for ARP2 expression during mouse oocyte meiosis. Figure 6.Effects of SKAP2 RNAi on ARP2 and WAVE2 expression. (A) Subcellular localization of ARP2 after SKAP2 siRNA injection. ARP2 was mainly distributed at the membrane in the control oocytes, whereas ARP2 expression was barely detectable in the siRNA-injected group. Green: ARP2; blue: chromatin. Bar = 20 μm. (B) Localization of WAVE2 after SKAP2 siRNA injection. WAVE2 was expressed around the spindle, whereas no specific localization of WAVE2 was observed around spindle in the siRNA-injected group. Red: WAVE2; blue: chromatin. Bar = 20 μm. (C) The fluorescence intensity of ARP2 in the SKAP2 siRNA-injected oocytes was decreased. (D) The fluorescence intensity of WAVE2 in SKAP2 siRNA-injected oocytes was significantly reduced. (E) ARP2 expression was reduced after SKAP2 siRNA injection by western blotting examination, as the relative intensity of ARP2 protein was significantly decreased. (F) WAVE2 expression was decreased after SKAP2 siRNA injection by western blotting analysis, as the relative intensity of WAVE2 protein was significantly reduced. \*: significant difference (P \< 0.05).

We then investigated the expression of WAVE2 in mouse oocytes meiosis. As shown in [Fig. 6B](#f0006){ref-type="fig"}, immunofluorescent staining showed that the localization of WAVE2 was around MI spindles in the control group, while no specific WAVE2 expression was detected in the SKAP2 siRNA-injected group. Meanwhile, the average WAVE2 fluorescence intensity in the SKAP2 siRNA-injected group was lower than in the control group (1 ± 0.05 vs 0.38 ± 0.02, *P* \< 0.05; [Fig. 6D](#f0006){ref-type="fig"}). To confirm this, we assessed WAVE2 protein level by western blotting. WAVE2 expression level was significantly decreased in the SKAP2 siRNA-injected group. Analysis of the relative protein intensity also confirmed this decrease (1 ± 0.09 vs 0.67 ± 0.06, *P* \< 0.05; [Fig. 6F](#f0006){ref-type="fig"}).

Discussion {#s0003}
==========

In this study, we investigated the expression, localization patterns, and possible functions of SKAP2 during mouse oocyte meiosis. The results showed that depletion of SKAP2 activities had different effects on actin assembly, spindle migration, polar body extrusion, asymmetric cytokinesis, and ARP2 and WAVE2 expression.

Previous studies showed that SKAP2 was localized at the leading edge of the cell membrane;[@cit0026] however, its functions and mechanisms during mouse oocyte maturation have remained unclear. Our results indicated that SKAP2 was mainly enriched in the cortical cortex through the whole oocyte meiosis. Additionally, the localization pattern of SKAP2 was similar to that of actin, which has been found to play a critical role in polar body extrusion during meiosis.[@cit0030] Furthermore, CB treatment disrupted the specific localization of SKAP2 and dispersed it into the cytoplasm, further indicating the possible relationship between SKAP2 and actin. These results together suggest that SKAP2 may be related to actin dynamics and play a possible role in actin-mediated processes during mouse oocyte maturation.

To confirm this hypothesis, siRNA microinjection was performed on oocytes to knock down the SKAP2 expression level in order to examine the role of SKAP2 during mouse oocyte meiosis. Our results demonstrated that the depletion of SKAP2 resulted in failure of oocyte polar body extrusion and an increase in the number of oocytes arrested at telophase I stage. Moreover, the oocytes failed to achieve asymmetric cytokinesis and extruded large polar body, indicating the failure of asymmetric cell division. Our results suggest that SKAP2 plays a vital role in polar body extrusion in mouse oocytes.

During mouse oocyte meiotic maturation, actin was required for spindle positioning and cortical reorganization, which have been reported to be directly involved in oocyte asymmetric division and polar body extrusion.[@cit0030] It was reported that SKAP2 associated with NCK2/F-actin at membrane ruffles, which was involved in regulating cytoskeletal rearrangement and actin organization.[@cit0031] Therefore, we hypothesized that SKAP2 might affect polar body extrusion through its regulation of actin during oocyte meiosis.

To further confirm this hypothesis, actin cap formation and actin filament distribution were examined during mouse oocyte maturation. Actin filament staining after disrupting SKAP2 activity was significantly decreased in oocyte cytoplasm and membrane, and actin cap formation was also disrupted. These results suggest that SKAP2 is probably involved in regulating actin assembly and may further affect polar body extrusion. The effects of SKAP2 on actin filaments were similar to those of the Arp2/3 complex[@cit0028] and its NPFs, which were reported to regulate actin dynamics followed by polar body extrusion. Overall, our results suggest that SKAP2 is involved in mouse oocyte meiosis based on its regulation of actin assembly.

In mammalian oocytes, actin drove the spindle migration and mediated it moving to the cortex, directly promoting oocyte asymmetric division.[@cit0032] In addition, several molecules, such as MLC2,[@cit0033] ROCK,[@cit0034] and FMNL1,[@cit0035] were reported to regulate actin activity for spindle positioning in mouse oocytes. We further investigated whether SKAP2 modulated the spindle migration during oocyte cytokinesis. Interestingly, the spindle localized near the center of oocytes in the SKAP2-depleted group. Moreover, the formation of CGFD, a typical characteristic of oocyte polarization resulting from spindle migration, was disrupted after disrupting SKAP2 activity. Similar results were reported on Cdc42,[@cit0036] Rho GTPase RhoA,[@cit0037] Rac,[@cit0038] and their downstream regulators, which were involved in polar body extrusion and cytokinesis based on regulating spindle migration during mouse oocyte meiosis. Thus, our results indicate that SKAP2 regulates spindle migration for asymmetric division and may interact with the proteins mentioned above.

To better identify the possible mechanism by which SKAP2 influences polar body extrusion, we investigated the expression of ARP2 and WAVE2. ARP2, an actin-related protein, is essential for Arp2/3 complex activity. As with actin, nucleotide binding and hydrolysis by ARP2 influence the structure and function of this complex.[@cit0039] Meanwhile, the Arp2/3 complex is principally activated by engaging with NPFs for polar body extrusion during meiosis. The present study showed that ARP2 expression was decreased after SKAP2 depletion, which indirectly suggested that SKAP2 might regulate actin assembly through its effects on the Arp2/3 complex during mouse oocyte meiosis.

WAVE2, a known regulator of the Arp2/3 complex, regulates meiotic spindle migration, positioning, and polar body emission during mouse oocyte meiosis.[@cit0013] Previous studies found that SKAP2 regulated actin assembly in conjunction with WAVE2 in fibroblasts and glioblastoma cells.[@cit0020] This led us to hypothesize that SKAP2 might be involved in actin-mediated asymmetric cytokinesis by associating with WAVE2 in mouse oocytes. Our research also showed that SKAP2 depletion decreased WAVE2 expression. Thus, SKAP2 may affect actin assembly by interacting with WAVE2 and further regulate the maturation of mouse oocytes.

In conclusion, we investigated the essential roles of SKAP2 during mouse oocyte meiosis. Our results indicate that SKAP2 is required for actin assembly and spindle migration through interacting with WAVE2 and that the SKAP2-Arp2/3 complex-actin pathway is essential for asymmetric cytokinesis during mouse oocyte maturation.

Materials and methods {#s0004}
=====================

Antibodies {#s0004-0001}
----------

A rabbit polyclonal anti-SKAP2 antibody (Cat\#: 12926-1-AP) was purchased from Proteintech Group (Chicago, CA, USA). Mouse monoclonal anti-α-tubulin-FITC antibody (Cat\#: F2168) and phalloidin-TRITC (Cat\#: D1951) were obtained from Sigma (St. Louis, MO, USA). Goat anti-rabbit FITC-conjugated IgG (Cat\#: CW014) was from Comwin Biotech (Beijing, China). Rabbit polyclonal anti-ARP2 antibody (Cat\#: ab128934) and mouse monoclonal anti-β-actin antibody (Cat\#: ab6276) were purchased from Abcam (Cambridge, UK). Alexa Fluor 546-conjugated donkey anti-rabbit antibody (Cat\#: A1040) was purchased from Invitrogen (Carlsbad, CA, USA). Rabbit polyclonal anti-WAVE2 antibody (Cat\#: 3659) was from Santa Cruz (Santa Cruz, CA, USA).

Oocyte collection and culture {#s0004-0002}
-----------------------------

All experimental procedures were conducted in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Animal Studies Committee of Xiamen University, China (approval ID: XMUMC 2011-10-08). The GV stage oocytes were collected from the ovaries of female imprinting control region (ICR) mice that were 4 to 6 weeks old and then cultured in M2 medium (Sigma, MO, USA) covered with mineral oil at 37°C in 5% CO~2~. Oocytes were collected for immunostaining, microinjection, and real-time polymerase chain reaction (PCR) after culture at different stages.

Real-time quantitative PCR analysis {#s0004-0003}
-----------------------------------

SKAP2 gene expression was analyzed using real-time quantitative PCR and the ΔΔCT method, with normalization using β-actin. Total RNA was extracted from 50 oocytes using a Dynabead mRNA DIRECT kit (Life Technologies AS, Oslo, Norway). The first-strand cDNA was generated with a cDNA synthesis kit (Toyobo, Osaka, Japan), using Oligo (dT) 12--18 primers (Takara Bio Inc., Tokyo, Japan). The following specific primers were used to amplify the cDNA fragments of SKAP2 and β-actin:

SKAP2 forward, 5′- GCCATTGGCTTGGTGCCTA-3′;

SKAP2 reverse, 5′- TCCAAGGCACTTGCAGACAGA -3′;

β-actin forward, 5′-CATCCGTAAAGACCTCTATGCCAAC-3′;

β-actin reverse, 5′-ATGGAGCCACCGATCCACA-3′.

A Step One Real-time PCR System (Applied Biosystems, Foster City, CA, USA) was used with the SYBR Green Real-time PCR Master Mix kit (Life Technologies, Carlsbad, CA, USA). The following PCR conditions were set: 50°C for 2 min, 95°C for 2 min, 40 cycles of 95°C for 15 s and 60°C for 1 min.

Western blotting {#s0004-0004}
----------------

Each sample containing 200 oocytes was lysed in sodium dodecyl sulfate (SDS) loading buffer and heated for 5 min at 100°C. The proteins were separated by SDS-PAGE and then transferred onto a polyvinylidene fluoride (PVDF) membrane. Subsequently, the membrane was blocked in Tris Buffered Saline (TBS) containing 0.1% Tween and 5% skimmed milk powder for 1 h at room temperature to avoid nonspecific binding. Next, it was incubated overnight at 4°C with rabbit anti-SKAP2 antibody (1:1000), rabbit anti-WAVE2 antibody (1:1000), rabbit anti-ARP2 antibody (1:500), and mouse anti-β-actin antibody (1:1000). After washing three times in TBST for 10 min each, the membrane was incubated for 1 h at room temperature with horseradish peroxidase (HRP)-conjugated rabbit anti-mouse IgG (1:10,000) and HRP-conjugated mouse anti-rabbit IgG (1:10,000). Ultimately, the membrane was washed three times for 10 min each and then was visualized using enhanced chemiluminescence (ECL) detection substrate.

Cytochalasin B treatment {#s0004-0005}
------------------------

Cytochalasin B (Cat\#: C6762, Sigma) stock was diluted in M2 medium to a final concentration of 10 μg/ml. The oocytes were cultured in this medium for 8 h, while the oocytes in the control group were cultured only in M2 medium. Oocytes were then collected for immunofluorescence microscopy.

SKAP2 siRNA injection {#s0004-0006}
---------------------

Each grown GV stage oocytes were microinjected with approximately 5--10 pl of 50 µM SKAP2 siRNA (5′-UCA GCA AAA CAG UGU UCU ATT-3′, 5′-UAG AAC ACU GUU UUG CUG ATT-3′) (GenePharma, Shanghai, China) or negative control siRNA (5′-UUC UCC GAA CGU GUC ACG UTT-3′, 5′-ACG UGA CAC GUU CGG AGA ATT-3′) (GenePharma, Shanghai, China). This process was accomplished using a Narishige MM0-202N hydraulic three-dimensional micromanipulator (Narishige Inc., Sea Cliff, NY, USA) equipped with a Nikon Diaphot ECLIPSE TE300 inverted microscope (Nikon UK Ltd., Kingston upon Thames, UK). After injection, the oocytes were cultured in M2 medium containing 2.5 µM milrinone for 24 h. After washing five times for 2 min each, the oocytes were then transferred to fresh M2 medium, cultured under paraffin oil in an incubator with an atmosphere of 5 % CO~2~, and maintained at 37°C in air. Oocytes were collected at different stages for further experiments.

Confocal microscopy {#s0004-0007}
-------------------

For staining of SKAP2, ARP2, WAVE2, CGs, or actin, the oocytes were fixed at room temperature in 4 % paraformaldehyde in phosphate-buffered saline (PBS) for 30 min. The oocytes were then permeabilized in PBS containing 0.5 % Triton X-100 at room temperature for 30 min. After 1 h in 1 % bovine serum albumin (BSA)- supplemented PBS, oocytes were incubated at room temperature for 1 h with phalloidin-TRITC (10 µg/ml) and for 30 min with lectin-FITC (100 µg/ml), or overnight at 4°C with rabbit anti-SKAP2 antibody (1:1000), rabbit anti-WAVE2 antibody (1:50), and rabbit anti-ARP2 antibody (1:50). After three washes in washing buffer (PBS containing 0.1 % Tween 20 and 0.01 % Triton X-100), the oocytes were labeled with Alexa Fluor 546-conjugated donkey anti-rabbit antibody (1:500) or goat anti-rabbit FITC-conjugated IgG (1:200) for 1 h at room temperature (this step was omitted for CGs and actin).

For double staining of SKAP2 and actin, after SKAP2 immunostaining, the oocytes were washed in washing buffer three times and then blocked again for 1 h in PBS supplemented with 1 % BSA, followed by immunostaining with phalloidin- TRITC for 30 min at room temperature.

For double staining of α-tubulin and actin, the oocytes were incubated with mouse FITC-conjugated anti-α-tubulin antibody (1:200) for 1 h at room temperature. After three washes, the oocytes were blocked again in PBS supplemented with 1 % BSA for 1 h at room temperature, and then stained with phalloidin-TRITC.

The samples were co-stained with DAPI for the immunostaining of DNA after three washes in washing buffer (0.1 % Tween 20 and 0.01 % Triton X-100). Oocytes were then mounted on glass slides with mounting medium and slices were examined using an FV1000 confocal laser scanning microscope (Olympus, Tokyo, Japan).

Fluorescence and western blotting band intensity analysis {#s0004-0008}
---------------------------------------------------------

The fluorescence intensity was assessed using Image J software (NIH). For fluorescence intensity analysis, samples of control and treated oocytes were mounted on the same glass slide. After immunofluorescent staining, the average fluorescence intensity per unit area within the region of interest (ROI) of immunofluorescence images was analyzed. The levels of fluorescence intensity of cell cytoplasm and membrane were measured independently using identically sized ROIs. When calculating the fluorescence intensity, oocytes with extremely strong or weak fluorescence were excluded. The average values of all measurements were used to compare the final average intensities of the control and treated oocytes.

For quantification of the western blot results, Image J was used to measure the intensity values of bands. Three different replicates were used for the analysis.

Statistical analysis {#s0004-0009}
--------------------

Each experiment used at least three replicates. The results are presented as mean ± standard error of the mean (SEM). Statistical comparisons were performed by ANOVA using Graph-Pad Prism software (v.5; La Jolla, CA, USA), followed by Student\'s t test. Differences at P \< 0.05 were considered to be significant.
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